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H-magnetic resonance spectroscopy ( 1 H-MRS) and the reliability of peak evaluation at 3 T were evaluated. Materials and Methods: The total study population of 47 healthy volunteers was divided into 4 age classes, according to the age of the subjects (1 st cohort 20 -29 years (yrs.), n = 20; 2 nd cohort 30 -39 yrs., n = 10; 3 rd cohort 40 -49 yrs., n = 9; 4 th cohort 50 -60 yrs., n = 8). Cardiac MRI and double triggered 1 H-MRS of the myocardium were consecutively performed using a 3 T scanner. Each participant underwent spectroscopic measurements twice in the same investigation. Results: mTG content increases with age. The correlation of age and mTG is minimal (r = 0.48; p < 0.001). The following age-averaged mTG content values expressed as % of mTG signal compared to the water signal were determined for each cohort: 1 st cohort 0.25 % (± 0.17); 2 nd cohort 0.48 % (± 0.30); 3 rd cohort 0.48 % (± 0.18); 4 th cohort 0.77 % (± 0.70). There was no significant correlation (r = 0.04; p = n.s.) between LV mass and mTG content in healthy volunteers. Within our cohorts, no effects of age or mTG content on systolic heart function were seen (r = -0.01; p = n.s.). The intraclass correlation coefficient of spectroscopic measurements was high (r = 0.965; p < 0.001). Conclusion: Myocardial TG content increases with age. The normal age-dependent concentration ranges of myocardial lipid metabolites reported in this study may be helpful for the correction of acquired 1 H-MRS) and ex vivo (myocardial biopsy) myocardial triglyceride (mTG) measurements. Thus, based on the high specificity of in vivo 1 H-MRS measurements in human myocardium, it is widely accepted that proton magnetic resonance spectroscopy provides reliable measurements of myocardial triglyceride content and is suitable for routine studies [2] . In particular, the introduction of double triggered (ECG and respiration) 1 H-MRS favors the use of this technique for cardiac examinations [5, 6] . Compared to previous 1.5 T MR scanner generations, the use of 1 H-MRS at higher field strengths (3 T -high-field) allows an even more precise determination of cellular metabolites, as signal intensity is augmented with higher field strength [7, 8] . In contrast, electronic noise, which originates mainly from the patient, remains constant. Thus, signal-noise ratio increases with field strength. For the last decade, it has been known that intracellular triglycerides qualify as biomarkers for chronic diseases of the human organism [9] . Myocardial steatosis (mTG content obtained by 1 H-MRS) was shown to be an independent predictor of diastolic dysfunction in type 2 diabetes mellitus by Rijzewijk et al. [10] . Ex vivo as well as in vivo studies revealed that myocardial TG accumulates with increased body mass and, in addition, is relevant to cardiac structure and function [3] . To date, all 1 H-MRS studies of the human myocardium have compared healthy volunteers to a patient cohort with defined pathological conditions. Resulting limitations may be a mismatch within these study cohorts, such as differences in age between volunteers and patients. The increase of mTG content in patients may be influenced by the disease, i. e. advancement of pathophysiological conditions. Currently, there is only little data demonstrating the physiological age dependency of myocardial TG content. Commonly, the increase of mTG content in patients is seen to be influenced by the disease only, i. e. worsening of pathophysiological conditions. Currently, there is only a small knowledgebase, demonstrating dependency of mTG content on age in males [11] . Therefore, the purpose of this study was to investigate the effects of age on mTG content in a healthy cohort and to evaluate the technical stability of the method, as well as potential inter-measurement effects of the method.
Materials and Methods

!
Study Subjects
A total of 47 healthy volunteers, ranging from 22 to 60 years, were included in this prospective study. All volunteers were informed about the research status of the investigation and gave written consent. Subjects with any of the following criteria were not included in the study: 1) medicated for or diagnosed with a cardiovascular or metabolic disorder, 2) borderline or manifest hypertension, 3) pregnancy, 4) implanted devices that might limit the quality of the MR imaging and/or spectroscopy. The body mass index (BMI) of the entire study population ranged from 17.9 to 34.7 kg/m 2 with a mean of 24.8 kg/m 2 . The total study population was divided into 4 cohorts, according to the age of the subjects. Heart 1017
Myocardial Magnetic Resonance Imaging and Spectroscopy
All participants underwent a fasting period of at least 2 hours prior to the investigation. Double triggered high-field cardiac 1 H-MR spectroscopy and MR imaging were performed using a 12-channel phased array body coil on a 3 T MRI unit (MAGNE-TOM Trio, Siemens Sector Healthcare, Erlangen, Germany) with subjects in supine position.
Cardiac MRI
Functional cardiac imaging was performed by conventional cine MRI of the short and long heart axis using a segmented twodimensional spoiled gradient-echo sequence (field of view [FOV] adjusted individually; matrix size 256 × 216; slice thickness 8 mm; TR 3.5 ms; TE 1.48 ms; flip angle 45°). Left ventricular (LV) mass and LV function (expressed as ejection fraction [EF]) were analyzed as described previously [12] . In addition, the cardiac output (CO) was calculated by multiplying the stroke volume and heart rate (expressed in L/min.). All MRI scans were performed without the use of contrast agent.
Cardiac MRS
Cardiac 1 H-MR spectra (voxel size 6 ml) were obtained from the interventricular septum using a point-resolved spectroscopy sequence (PRESS). The voxel was positioned in the interventricular septum on the short-axis and four-chamber images ( • " Fig. 1 ). Spectroscopic data acquisition was double triggered by electrocardiographic signals as well as respiratory motion gating to minimize the influence of cardiovascular and respiratory motion [5, 6] . All spectra were acquired at end-systole and end-expiration with an echo time (TE) of 35 ms and a repetition time (TR) of at least one heartbeat. 256 data points were acquired by using 2000-Hz spectral width and averaged over 32 acquisitions. In order to guarantee minimal inter-examination variability, as well as to test the technical stability of double triggered spectroscopic measurement and subsequently the reliability of peak evaluation, each participant's spectroscopic measurements were repeated, thus without changing the patients or the voxel position. In consequence, a total of four 1 H-MR spectra (two with and two without water suppression) were collected for each observation, utilizing the proton signal from water in cardiac tissue as an internal reference for chemical shift offset and fat concentration ( • " Fig. 2a) [3, 13, 14] . In analogy to the approach of former studies [5, 15] , we summed the areas of lipid resonances at 0.9 ppm (CH 2 -methylene groups) and 1.3 ppm (CH 3 -methyl groups) ( • " Fig. 2b, c) to assess the total mTG resonance peak area. The relative value of mTG content was calculated as the quotient of the total mTG resonance area and the tissue water resonance area. Values are presented as percent (%).
Statistical Analysis
Normal distribution of our data was evaluated by the KolmogorovSmirnov test and the Shapiro-Wilk test. As EF and CO proved to be normally distributed, an independent T-test was used for evaluation, while the Mann-Whitney-U test was utilized for the evaluation of the non-normally distributed LVM and TGC to check for statistical significance. A value of p < 0.05 was considered significant. Statistical analyses were performed using statistical software (IBM SPSS Statistics for Mac, Version 21.0, Armonk, NY, USA).
Results
!
Myocardial
1 H-MRS was successfully performed in all participants.
• " Myocardial TG Content mTG content increases with age. The correlation of age and mTG content is narrow (r = 0.48; p < 0.001). We found significantly different mean mTG content when comparing the youngest cohort with the older cohorts (cohort 1 to 2 p = 0.001; cohort 1 to 3 p < 0.001; cohort 1 to 4 p = 0.001), whereas no significant differences were observed between cohorts 2 -4. Furthermore, a higher scattering of mTG levels was observed with increasing age, especially in cohort 4, whereas the median of mTG levels in the older cohorts was basically the same. The increase of mTG content with advancing age is demonstrated in • " Fig. 4a for the 4 cohorts and in Abb. 1 Positionierung des Voxels im interventrikulären Septum während der Endsystole in der a kurzen Herzachse und b im 4-Kammer Blick.
While we found a slight correlation between BMI and mTG content (r = 0.27; p = 0.008), age proved to be the dominant variable accounting for higher mTG content in healthy humans.
As expected, LV mass for each individual fell within established standard values, as averaging (145 ± 65 g) in literature [3, 16, 17] . The average LV mass of our study population was 140.2 ± 36.1 g (median 134 g). We observed no significant correlation (r = 0.04; p = n.s.) between LV mass and mTG content in healthy volunteers.
Systolic Heart Function
Our data showed no relation between LV ejection fraction and mTG content in our subjects (r = -0.01; p = n.s). Furthermore, in our study collective the systolic heart function, expressed as EF or CO, was independent with regard to age (EF: r = -0.04; p = n.s. vs. CO: r = -0.06; p = n.s.).
Discussion
!
In the present study, we demonstrated that myocardial TG content increases in the aging human heart. We found a gain of mTG content with advancing age, independent of BMI. A positive age-associated accumulation of TG in the myocardium of rodents, as well as in the myocardium of male human subjects has been shown previously [11, 18] . Furthermore, myocardial steatosis is an independent predictor of diastolic function in humans [10, 11] . Moreover, pathological conditions, such as obesity and diabetes mellitus, have been shown to be related to mTG content [10, 19] . Several possible pathways for age-associated mTG accumulation have been discussed. One explanation for rising myocardial TG concentration at an older age might be a discrepancy between myocardial uptake and myocardial oxidation of fatty acids in advanced age. Kates et al. have shown a decline of myocardial fatty acid utilization and oxidation with increasing age in healthy humans [20] . Furthermore, an imbalance between tissue uptake and disposal has been demonstrated in the skeletal muscle of elder populations without health issues compared to younger subjects. The imbalance was shown to lead to an increase of intramyocellular lipids [21] . A similar mechanism in myocardial muscle might be a conceivable explanation for TG accumulation in the aging heart. The same method -1 H-MRS -was used previously for the measurement of liver fat (LFAT) in healthy volunteers. Results in different studies do not comprise a consistent picture. Tarasow et al. found no statistically significant correlation between aging and LFAT [22] , while a strong increase of LFAT in advanced age was shown by Cree et al. [21] . The present study delivers age-specific mTG values in healthy human subjects. The average myocardial TG content of our whole study population (0.44 % ± 0.38) confirms previously published data. McGavock et al. demonstrated nearly equal values for myocardial TG of 0.46 % ± 0.30 in lean subjects (mean BMI 23 kg/m 2 ) and 0.81 % ± 0.46 in obese subjects (mean BMI 32 kg/m 2 ) [19] . Others found similar myocardial TG values of 0.52 % ± 0.11 [23] in healthy volunteers (both studies used a 1.5 T scanner). We are aware of the fact that methylene (CH 2 ) and methyl (CH 3 ) groups do not represent all molecular TG groups. However, and in accordance with the approach of former studies, we limited our calculations to these two main resonances [5, 23] . Myocardial 1 H-MR spectra were obtained from the interventricular septum. As reported in previous studies, the interventricular septum is the most reliable region for acquiring myocardial spectra due to its limited motion. This position enables the voxel to be distant from the pericardial fat, which reduces contamination of the spectra as compared to measurements obtained from the free walls. The rising number of 1 H-MRS studies reflects the necessity and power of 1 H-MRS as a tool for the noninvasive investigation of the myocardial metabolism in various diseases and indications. However, reliable data on age-dependent normal myocardial TG concentrations have not been reported in the literature. In the present study, age-specific values of myocardial triglycerides in cohorts ranging from 20 to 60 years of age were acquired. It is worth mentioning that there is a notable difference between the mean mTG values and the median of mTG content within cohort 4 (50 -60 years).
As mentioned previously, mTG content is an independent predictor of the age-related decline of diastolic function in humans [10] . Contrary to this, systolic heart function is described to be independent of mTG content [3, 11] . Our study did not find a correlation between mTG content and systolic function (r = -0.01; p > 0.05). Limitations 1 H-MRS was performed in healthy volunteers only. By excluding subjects with a history of dyspnea or other impairing disorders, we do not face problems of non-periodic motion even in prolonged acquisition time. There is a certain imbalance in gender distribution in favor of male subjects in this study. This might reduce the declaration of rising mTG content in aging females. We did not apply intravenous contrast agent in our study population while this is often useful in clinical routine examinations. One must be aware of the potential increase of the water peak by gadolinium-based contrast agents when applying short echo times [24] . Upcoming ultra-fast 1 H-MRS sequences will enable time-saving spectroscopic measurements in patients even prior to i. v. contrast administration [25] . When performing our repetitive 1 H-MRS measurements to achieve data about the technical stability of the method, volunteers were not unloaded from the scanner bay between the different scans and the voxel position was neither changed nor adjusted between the measurements. Such an expanded study protocol would probably deliver information closer to the clinical situation of returning patients but was not performed in this study, which was mainly due to time-saving reasons. ▶ The myocardial triglyceride content is independent of LV mass and systolic heart function.
Technical Stability of 1 H-MRS
▶ 1 H-MRS proved to be a highly reliable, sensitive tool for myocardial lipid determination and can be used for the evaluation of metabolic and cardiovascular diseases in future studies.
▶ The concentration ranges of myocardial lipid metabolites reported in this study may be helpful for the correction of acquired 1 H-MRS data in patients in future studies.
